The reticulon (Rtn) family of proteins are localized primarily to the endoplasmic reticulum (ER) of most cells. 1,2 In mammals, there are 4 family members, Rtn-1, Rtn-2, Rtn-3, and Rtn-4, with each gene giving rise to multiple isoforms. Insights into Rtn functions have been dissected using overexpression, knock-down, or knockout strategies, and a clear role for these proteins in tubulogenesis of peripheral ER and membrane curvature has emerged. [3] [4] [5] However, despite the similarities of these proteins, there is evidence that different isoforms of each Rtn subclass may exert additional roles in mammalian cell function other than establishing the ER membrane curvature.
Introduction
The reticulon (Rtn) family of proteins are localized primarily to the endoplasmic reticulum (ER) of most cells. 1, 2 In mammals, there are 4 family members, Rtn-1, Rtn-2, Rtn-3, and Rtn-4, with each gene giving rise to multiple isoforms. Insights into Rtn functions have been dissected using overexpression, knock-down, or knockout strategies, and a clear role for these proteins in tubulogenesis of peripheral ER and membrane curvature has emerged. [3] [4] [5] However, despite the similarities of these proteins, there is evidence that different isoforms of each Rtn subclass may exert additional roles in mammalian cell function other than establishing the ER membrane curvature.
The Rtn-4 family (aka Nogo) consists of 3 splice variants of a common gene called Rtn-4A, Rtn-4B, and Rtn-4C. Nogo-A and Nogo-C are highly expressed in the central nervous system, 6, 7 with Nogo-C uniquely found in skeletal muscle and Nogo-B found in most tissues. 8 We have previously reported that Nogo-B, but not Nogo-A, is expressed in mouse blood vessels and in human endothelial cells, with the majority found in the ER and a lower amount on the cell surface. 8 Nogo-A has been characterized as a myelin-associated inhibitor of axonal sprouting 9 and Nogo-B regulates aspects of blood vessel and tissue remodeling; however, the role of Nogo-B in the inflammatory processes is virtually unknown.
Leukocyte accumulation into sites of injury is a key feature of inflammatory diseases such as rheumatoid arthritis, autoimmune diseases, atherosclerosis, and sepsis. This process involves a sequence of adhesive events between leukocytes and endothelial receptors that culminates in leukocyte extravasation across the endothelium. 10 The first interaction between leukocytes and the endothelium involves the endothelial adhesion molecules E-and P-selectin, followed by intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), leading to firm adhesion and subsequent transmigration, while other receptors such as platelet endothelial cell adhesion molecule 1 (PECAM-1), 11 junctional adhesion molecule 1 (JAM1), 12 and CD99 13 contribute to facilitate diapedesis. 14 However, endothelial VCAM-1, as well as VCAM, are not only docking receptors for leukocyte adhesion and migration, but their engagement by leukocyte integrins ␣ 4 ␤ 1 and ␣ L/M ␤ 2 , respectively, triggers "outside-in signaling" toward the endothelium. This event contributes to leukocyte diapedesis and the endothelial inflammatory response. [15] [16] [17] ICAM-1 is essential for stable adhesion and transmigration of leukocytes in most types of inflammatory processes. 18 Further, blocking antibodies against ICAM-1 inhibit leukocyte adhesion, while the deletion of the cytoplasmic domain of ICAM-1 completely blocks neutrophil transmigration but not the adhesion, demonstrating the importance of ICAM-1-dependent signaling in mediating neutrophil transmigration. 19 ICAM-1 engagement or antibody-mediated cross-linking of ICAM-1 induces endothelial signaling, including elevation of intracellular Ca 2ϩ , changes in the cytoskeleton, and activation of the small GTPase Rho, mitogen-activated protein kinase (MAPK), Pyk2, c-src, and protein kinase C. [20] [21] [22] It has been reported that ICAM-1-mediated tyrosine phosphorylation of vascular endothelial cadherin (VE-cadherin), 23, 24 a major component of adherens junctions, is a critical event regulating leukocyte transendothelial migration (TEM) and is dependent on the tyrosine kinases src and Pyk2. 21, 22, 25 Submitted April 27, 2010; accepted November 20, 2010 . Prepublished online as Blood First Edition paper, December 23, 2010; DOI 10.1182/blood-2010-04-281956.
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In the present study, we show that endothelial Nogo regulates leukocyte TEM by modulating ICAM-1-dependent signaling. Mice lacking Nogo-A/B have a marked reduction in neutrophil and monocyte recruitment to sites of inflammation. Despite the presence of Nogo-B in neutrophils and monocytes, its loss does not affect neutrophil migration and monocyte activation in vitro; in addition, bone marrow transplantation experiments clearly support a role of host Nogo-B in driving the inflammatory response. The role of endothelial Nogo-B is bolstered by reduced neutrophil and monocyte transmigration in human dermal microvascular endothelial cells (HDMECs) deficient in Nogo-B. Mechanistically, the loss of Nogo-B impairs ICAM-1-mediated signaling to src and Pyk2, thereby reducing the phosphorylation of VE-cadherin, which can explain reduced leukocyte transmigration. These data identify Nogo-B as a new component of the adhesion-induced signaling leading to inflammation.
Methods

Animals
Nogo-A/B-deficient mice were generated as described previously. 8 Congenic male, 8-to 14-week-old Nogo-A/B Ϫ/Ϫ mice and their wild-type (WT) littermates were used. All experiments were approved by the Institutional Animal Care and Use Committee of Yale University.
Induction of edema in the mouse paw
Male Nogo-A/B Ϫ/Ϫ mice and their WT littermates were anesthetized with a mixture of ketamine (80 mg/kg) and xylazine (10 mg/kg). Each group of animals received a subplantar injection of 50 L of saline or -carrageenan (Sigma-Aldrich) 2% wt/vol in saline into the left footpad, and the paw volume was measured as described previously. 26, 27 In some experiments, paws were fixed in paraformaldehyde, and frozen sections (6 m) were stained with the monocyte differentiation marker CD68.
Carrageenan air pouch
Air pouches were generated as described previously. 27 On day 6, 0.5 mL of carrageenan suspension (1% wt/vol) in sterile saline was injected into the pouch. Exudates and leukocytes were recovered from the pouches 1, 4, or 24 hours after carrageenan injection. Migrated leukocytes (mainly neutrophils) were counted using trypan blue staining. Western blot analysis for inducible nitric oxide synthase (iNOS), cyclooxygenase 2 (COX-2), and caspase-3 was performed on air pouch-recruited leukocytes 24 hours after carrageenan injection.
HDMEC culture and treatment
HDMECs were cultured in EGM2-MV growth medium (Cambrex), as described previously, 17 and were used between passages 4 and 8 for the experiments described. Cells were stimulated for 20 hours with tumor necrosis factor-␣ (TNF-␣; 10 ng/mL), serum-starved for 3 hours, and incubated for 1 hour at 37°C with a monoclonal antibody against human ICAM-1 (clone 15.2; Serotec), followed by cross-linking with GAM immunoglobulin G (IgG) for 5, 10, and 15 minutes.
Isolation of murine endothelial cells from lung tissue
Primary endothelial cells from WT and Nogo-A/B Ϫ/Ϫ adult mice lungs (MLECs) were isolated as described previously. 28 The bead-bound cells were plated in gelatin-coated dishes in complete culture medium (Dulbecco modified Eagle medium containing 20% fetal calf serum, 100 g/mL of heparin, and 100 g/mL of endothelial cell growth factor growth supplement). After TNF-␣ administration (10 ng/mL for 24 hours), MLECs were serum starved for 2 hours, incubated with a rat anti-ICAM-1 antibody (BioLegend) for 30 minutes at 37°C, followed by ICAM-1 cross-linking with a secondary antibody donkey anti-rat (Jackson Immunoresearch Laboratories) for 5, 10, and 15 minutes.
Murine neutrophil isolation
Mice were euthanized and femurs and tibias removed. The ends of the bones were resected and the bone marrow was removed by perfusion of 5 mL of ice-cold phosphate-buffered saline (PBS). The bone marrow was then suspended by drawing it through a 20-gauge needle and the cell solution obtained over a discontinuous Percoll gradient consisting of Histopaque-1119 and Histopaque-1077. The cell solution was centrifuged for 30 minutes at room temperature according to the manufacturer's instructions. Purified murine neutrophils were washed in RPMI buffer and suspended in RPMI medium containing 2% fetal bovine serum at 2.0 ϫ 10 6 cells/mL.
In vitro migration assay
Chemotaxis of bone marrow neutrophils in response to N-formyl-MetLeu-Phe (fMLP) and human interleukin-8 (IL-8) was assayed using the ChemoTx system (Neuro Probe) according to the manufacturer's protocol described previously. 27 
Primary culture of BMDMs
Bone marrow-derived monocytes (BMDMs) were obtained as reported previously, 27 seeded in 6-well plates at a density of 1 ϫ 10 6 cells per well, and cultured overnight at 37°C before being stimulated by medium supplemented by exudates (diluted 1 to 10) from a 24-hour carrageenan air pouch.
Bone marrow transplantation
Eight-week-old male Nogo-A/B Ϫ/Ϫ and WT littermate mice were subjected to bone marrow transplantation. 27 Five weeks after transplantation, peripheral blood was collected by tail vein for polymerase chain reaction (PCR) analysis of bone marrow reconstitution. Carrageenan-induced paw edema was induced in fully chimeric mice as described above.
TEM assays
Nogo-B siRNA and control treated HDMECs were grown to confluence on 35-mm fibronectin-coated cover glasses, incubated with 10 ng/mL of TNF-␣ for 4 hours (24 hours for monocyte TEM) before the flow assays, and assembled with a parallel-flow-chamber apparatus (GlycoTech), as described previously. 29 Discarded anonymized human leukapheresis collections from adult blood were obtained from the Yale New Haven Hospital Blood Bank under a protocol approved by the Yale Human Investigation Committee. The isolation of human neutrophils was performed using the gradient density centrifugation method with Histopaque-1077 solution (Sigma-Aldrich) according to the manufacturer's instructions. Human neutrophils (10 6 cells/500 L) suspended in the same medium were loaded onto the endothelial cell monolayer at 1 dyne/cm 2 for 2 minutes, followed by medium only at 1 dyne/cm 2 for 10 minutes. Samples were then fixed with 3.7% formaldehyde in PBS, samples were stained with fluorescein isothiocyanate (FITC)-conjugated anti-CD11b (Immunotech) for neutrophils or FITC-conjugated anti-CD45 for monocyte THP-1, followed by Alexa Fluor 488-conjugated rabbit anti-FITC and Alexa Fluor 488-conjugated goat anti-rabbit IgG to increase the signal, and examined by microscopy. Using a 40ϫ/0.60 Korr Ph2 objective, phase-contrast optics were used to determine whether neutrophils or monocyte cells were on top of, in between, or underneath the endothelial cell monolayer. Neutrophils or monocytes that were captured, not spread, were round and bright when viewed under phase-contrast microscopy. Cells considered transmigrated were either spread with a cellular protrusion between endothelial junctions or completely transmigrated under the endothelial monolayer, with a darker contrast to adherent cells on top of the endothelial cell monolayer. The percentage of transmigrated cells was calculated as reported previously. 29 For cell-capture experiments, samples were stained as aforementioned. The number of CD11b ϩ (or CD45 ϩ ) cells in 10 fields (1000 ϫ 1000 pixels) viewed with a 10ϫ objective were counted to determine the number of cells per field.
Western blot analysis and immunoprecipitation
Tissues were snap-frozen in liquid nitrogen, pulverized, resuspended in lysis buffer, and proteins were analyzed with sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting, as described previously. 27 Primary antibodies included the following: against Nogo (1-18) and VE-cadherin (Santa Cruz Biotechnology); heat-shock protein 90 (Hsp90), caveolin-1 (Cav-1), anti-phosphotyrosine PY20, and focal adhesion kinase (FAK; BD Transduction Laboratories); ␤-actin and ␤-catenin (Sigma-Aldrich); F4/80 (Serotec); COX-2 and iNOS (CaymanChemical); ICAM-1 (R&D Systems); PECAM-1 (Dako); src (Millipore); src-pY418 and FAK-pY861 (Invitrogen); and pyk2, pyk2-pY402, myosin light chain (MLC), and pMLC (Cell Signaling Technology). Secondary antibodies were fluorescence labeled (LI-COR Biosciences). Bands were visualized with the Odyssey Infrared Imaging System (LI-COR Biosciences). For immunoprecipitation, cells were lysed in a buffer containing 10mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid)-NaOH, pH 7.4, 100mM NaCl, 50mM ␤-glycerophosphate, 2mM mgCl 2 , 5mM EGTA (ethyleneglycoltetraacetic acid), 5mM EDTA (ethylenediaminetetraacetic acid), 1% IGEPAL (Sigma-Aldrich), 1mM orthovanadate, 1mM NaF, and protease inhibitors (Roche). 27 Clarified cell extracts were incubated with 2 g of antibody against phosphotyrosine (PY20) or against VE-cadherin (Santa Cruz Biotechnology). Antigen-antibody complexes were collected using protein G-Sepharose beads (Sigma-Aldrich). SDS-PAGE and immunoblotting were performed as described above, and used as the antibody against VE-cadherin (Santa Cruz Biotechnology) or phophotyrosine (PY20, 4G10).
Sucrose gradient centrifugation
HDMECs treated with control or Nogo-B siRNA and stimulated with TNF-␣ were lysed with 1 mL of 500mM Na 2 CO 3 , pH 11, supplemented with a protease-inhibitor cocktail (Roche Diagnostics). Solubilized material was resolved on top of a 5%-42% linear sucrose gradient (12 mL), as described previously. 30 Equal volumes of each fraction were loaded and run on the SDS/12% PAGE, and analyzed by Western blotting for ICAM-1, VE-cadherin, Nogo-B, and Cav-1 with the antibodies.
Flow cytometric analysis
Analysis for lineage and adhesion molecules expressed by WT and Nogo-A/B Ϫ/Ϫ BMDMs was performed as reported previously. 27 Briefly, BMDMs were washed and incubated with the fluorochrome-conjugated monoclonal antibodies FITC-conjugated rat anti-CD11a (Pharmingen), FITC-conjugated rat anti-CD11b (BioLegend), phycoerythrin-Cy5-conjugated rat anti-F4/80 (eBioscience), and phycoerythrin-conjugated mouse anti-PGSL-1 (BD Biosciences), and analyzed with an FACSCalibur (BD Biosciences).
HDMECs were incubated with 5 g of E-selectin, ICAM-1, and VECAM-1 (R&D Systems), or with isotype-matched, FITC-labeled control antibody.
Immunofluorescent staining in cultured cells. After siRNA-treated HDMECs were grown to confluence and stimulated with TNF-␣ (10 ng/ mL) overnight, cells were serum starved with serum-free endothelial cell basal medium-2 for 2 hours before incubation with anti-ICAM-1 antibody (1 g/mL; Serotech) for 45 minutes at 37°C. Cells were rinsed and 1 g/mL of fluorophore-coupled secondary antibodies was added for 0 and 60 minutes. Cells were washed with PBS and fixed in 3.7% paraformaldehyde for 10 minutes, blocked with 5% bovine serum albumin in PBS for 10 minutes, permeabilized with 0.2% Triton X-100 in PBS for 5 minutes, and incubated overnight with ␣-Nogo-B (1:200; Santa Cruz Biotechnology) at 4°C. Alexa Fluor 488-labeled phalloidin (1:50; Molecular Probes). Images were captured with a Zeiss Axiovert epifluorescence microscope, followed by deconvolution using Openlab software (Improvision). Images shown in Figure 7B were captured at a 0.3-m slice thickness (z-stack) using a Zeiss Axiovert epifluorescence microscope and a 63ϫ oil-immersion objective, after deconvolution with Openlab software.
Statistical analysis
Data are expressed as means Ϯ standard error of the mean (SEM). The level of statistical significance was determined by analysis of variance, followed by the Bonferroni t test for multiple comparisons or Student t test using GraphPad Prism software Version 4.
Results
Vascular Nogo-A/B drives the influx of neutrophils at the site of inflammation
To investigate the role of Nogo-A/B in acute inflammation, particularly in neutrophil recruitment, carrageenan and zymosan air-pouch models were created. The advantage of the pouch model is the ability to recover, quantify, and analyze leukocytes (mainly neutrophils) from the pouch after instillation of carrageenan or zymosan. Carrageenan is thought to induce nonimmune-mediated inflammation, 31 while zymosan generates immune-mediated responses. 32, 33 As seen in Figure 1A -B, the number of cells that emigrated from blood into tissue was drastically reduced in Nogo-A/B Ϫ/Ϫ mice (using carrageenan or zymosan, respectively). In the early phase of inflammation (4 hours), recruited leukocytes were largely Gr-1 positive and F4/80 depleted, which is consistent with a neutrophil-rich infiltrate ( Figure 1C) . Given that the number of neutrophils regress in the later/resolution phase of inflammation via neutrophil apoptosis and phagocytosis by inflammatory macrophages, 34 inflammatory cells (mainly neutrophils) were recovered from the pouches (24 hours after carrageenan) and examined for activation and levels of apoptosis. WT and Nogo-A/B Ϫ/Ϫ neutrophils showed induction of iNOS and COX-2, as well as increased levels of cleaved caspase-3, an index of apoptosis ( Figure 1D ), suggesting that the loss of Nogo-A/B did not influence neutrophil activation or apoptosis.
In another set of experiments, we evaluated whether the loss of Nogo-A/B could affect the release of chemokines during the initial phase of the inflammatory response. WT and Nogo-A/B Ϫ/Ϫ mice were injected with carrageenan, and 1 hour later the exudates were recovered from the pouches and tested for CXCL-1 chemokines, the neutrophil chemoattractant KC, and macrophage inflammatory protein-2 (MIP-2). The levels of chemokines in WT and Nogo-A/ B Ϫ/Ϫ exudates were, respectively, 92.7 Ϯ 31.1 and 90.2 Ϯ 20.1 ng/ mL for KC, and 124.3 Ϯ 20.0 and 131.7 Ϯ 15.6 pg/mL, respectively, for MIP-2 (n ϭ 4 per group). These data suggested that the defect of inflammatory cell recruitment in Nogo-A/B Ϫ/Ϫ mice was not because of an impairment in chemokine production.
We performed bone marrow transplantation experiments to investigate the role of Nogo-A/B in leukocytes versus host vasculature. Nogo-A/B Ϫ/Ϫ and WT mice were lethally irradiated, engrafted with bone marrow from WT mice (WT 3 WT; WT 3 Nogo-A/B Ϫ/Ϫ ) or Nogo-A/B Ϫ/Ϫ mice (Nogo-A/B Ϫ/Ϫ 3 WT; Nogo-A/B Ϫ/Ϫ 3 Nogo-A/B Ϫ/Ϫ ) and left to reconstitute for 6 weeks. After this time, mice were subjected to carrageenan and zymosan air-pouch models. In both models of inflammation, the number of neutrophils recovered 4 hours later was significantly reduced in Nogo-A/B Ϫ/Ϫ mice engrafted with WT or Nogo-A/B Ϫ/Ϫ bone marrow compared with WT mice engrafted with WT or Nogo-A/B Ϫ/Ϫ bone marrow ( Figure 1E-F, respectively) . These For personal use only. on October 22, 2017. by guest www.bloodjournal.org From provocative data suggest that host Nogo-A/B, presumably endothelial Nogo-B, is necessary for neutrophil extravasation from the bloodstream to the site of inflammation.
Vascular Nogo-A/B drives monocyte/macrophage recruitment in response to carrageenan
To provide additional support for the idea that vascular Nogo-B is important for inflammatory cell recruitment in vivo, we induced carrageenan-induced paw edema as a model of subchronic inflammation. WT and Nogo-A/B Ϫ/Ϫ mice were intraplantar injected with carrageenan (2%) and the time course of paw edema assessed starting at 24 hours until 196 hours after injection. In this phase of paw edema (Ͼ 24 hours), macrophages constituted the main cell population at the inflamed site. As seen in Figure 2A , WT mice developed sustained paw swelling, whereas Nogo-A/B-deficient mice displayed a marked reduction in the edema formation. Immunofluorescent staining for CD68, a monocyte/macrophage marker, in paw sections after 72 hours, clearly showed a dramatic reduction of infiltrating cells in Nogo-A/B Ϫ/Ϫ mice ( Figure 2B and quantified in the graph below). These data support an important role of Nogo-A/B in the development of an acute and subchronic inflammatory response in vivo. To confirm the role of the host, presumably endothelial Nogo-A/B, in leukocyte emigration into the inflamed paw, we created a carrageenan-induced paw edema model in bone-marrow-transplanted mice. Nogo-A/B Ϫ/Ϫ and WT mice were lethally irradiated, engrafted with bone marrow from WT mice (WT 3 WT; WT 3 Nogo-A/B Ϫ/Ϫ ) or Nogo-A/B Ϫ/Ϫ mice (Nogo-A/B Ϫ/Ϫ 3 WT; Nogo-A/B Ϫ/Ϫ 3 Nogo-A/B Ϫ/Ϫ ), and left to reconstitute for 6 weeks. After this time, the level of donor bone marrow engraftment was estimated by PCR on blood cells (Figure 2C ), mice were injected with carrageenan, and paw edema was assessed. As seen in Figure 2C , transfer of Nogo-A/B Ϫ/Ϫ bone marrow into WT hosts had no effect on the magnitude or duration of edema compared with WT mice engrafted with WT bone marrow ( Figure 2C ), suggesting that Nogo-A/B in bone marrow cells does not play a significant role in the acute inflammatory response. On the contrary, Nogo-A/B Ϫ/Ϫ mice engrafted with WT bone marrow and Nogo-A/B Ϫ/Ϫ mice engrafted with Nogo-A/B Ϫ/Ϫ bone marrow displayed a reduced edema formation compared with the WT 3 WT group, indicating a clear role for host Nogo-A/B in driving leukocyte recruitment into inflamed tissue. This was confirmed by immunofluorescent staining for CD68 ϩ macrophages of histologic sections 72 hours after carrageenan injection ( Figure  2D ). Although the influx of CD68 ϩ cells was qualitatively similar in nonirradiated versus irradiated mice, the magnitude of the inflammatory response was reduced in all groups after bone marrow transplantation. These in vivo data provide evidence for the important role of vascular Nogo-A/B in the development of inflammation.
Nogo-A/B is not required for neutrophil migration or monocyte activation
To determine the importance of Nogo-A/B in leukocyte versus vascular function during inflammation, we studied the role of Nogo-A/B in chemotaxis of bone marrow-derived neutrophils and activation of monocytes (BMDMs) (Figure 3 ). Bone marrowderived neutrophils expressed Nogo-B ( Figure 3A) , and its loss did not affect lineage markers or adhesion molecule expression, as shown by fluorescence-activated cell sorting (FACS) analysis ( Figure 3B ). Bone marrow-derived neutrophil migration in vitro toward fMLP and IL-8 was not affected by the loss of Nogo-A/B (Figure 3C-D, respectively) .
The absence of Nogo-A/B did not affect the expression pattern of adhesion-or lineage-specific molecules on BMDMs (Figure 3E ), or the response to exudates recovered from inflamed air pouches of WT mice (exudates collected 24 hours after carrageenan injection) monitored by cytokine mRNA levels (IL-1␤, IL-6, and TNF␣ at 4 hours) or COX-2 (at 24 hours) expression (Figures 3F-G) . The exudates from the inflamed pouch have a high content of inflammatory mediators such as cytokines, chemokines, prostaglandins, and leukotrienes, and "mimic" the microenvironment that monocytes/ macrophages are exposed to during inflammation. The above in vitro data, together with in vivo data, argue against the functional role of Nogo-A/B in leukocytes and suggest a key role for vascular Nogo-A/B in the development of inflammation.
Nogo-B silencing in HDMECs reduces neutrophil and monocyte TEM
The process of leukocyte recruitment is a multistep event in which leukocyte capture and rolling are necessary to initiate firm adhesion and TEM. 35 To address whether the loss of Nogo-B could affect leukocyte-endothelial cell interactions, we investigated neutrophil adhesion to TNF-␣-stimulated HDMECs transfected with control or Nogo-B siRNA using a hydrodynamic parallel-flow chamber. 36 ,37 siRNA against Nogo-B resulted in a Ͼ 80% reduction in Nogo-B protein levels compared with control siRNA-treated cells.
Moreover, knockdown of Nogo-B did not alter basal and TNF-␣-stimulated adhesion molecule expression, as shown by Western blotting and FACS analysis ( Figure 4A-B) . Hydrodynamic parallelflow-chamber experiments using activated endothelial cells and human neutrophils did not reveal any differences in average rolling velocity, number of rolling, or firmly adherent neutrophils on HDMECs ( Figure 4C-E) between the 2 groups. However, the loss of Nogo-B reduced the number of neutrophils ( Figure 5F ) and THP-1 monocytes ( Figure 5G ) able to TEM. These data strongly suggest that endogenous Nogo-B regulates aspects of leukocyte TEM, which is consistent with in vivo data in Nogo-A/B-deficient mice.
Nogo-B interacts with VE-cadherin and redistributes on ICAM-1 cross-linking in HDMECs
To evaluate the subcellular distribution of Nogo-B in TNF-␣-stimulated HDMECs, activated cells were lysed in a sodium carbonate buffer, and lysates fractionated using a discontinuous sucrose gradient. ICAM-1 and VE-cadherin were present in Cav-1-enriched raft (fractions 2-3) and non-raft fractions, [8] [9] [10] [11] [12] and codistributed with Nogo-B (Figure 5A left panel) . However, the loss of Nogo-B did not affect the distribution of ICAM-1, VE-cadherin, or Cav-1 ( Figure 5A right panel) . Next, we examined For personal use only. on October 22, 2017. by guest www.bloodjournal.org From whether Nogo-B biochemically interacts with ICAM-1 or VEcadherin via coimmunoprecipitation experiments. As a positive control for a VE-cadherin-interacting protein, p120, a well-known binding partner of VE-cadherin 38 was used. As seen in Figure 5B , immunoprecipitation of p120 resulted in the coassociation of VE-cadherin compared with a nonimmune IgG as a control, precipitating antibody (lanes 2 and 3). Under these conditions, immunoprecipitation of Nogo-B resulted in the coassociation of with a fraction of VE-cadherin not bound to p120 (lanes 4 and 5) .
Recent studies have identified ICAM-1 on endothelial cells as a key regulator of leukocyte TEM at both junctional (paracellular) and nonjunctional (transcellular) locations. [39] [40] [41] Antibody-mediated cross-linking of ICAM-1 can mimic endothelial cell activation induced by ICAM-1 engagement via leukocytes, resulting in stress fiber formation, activation of src and Pyk2, and ultimately VEcadherin phosphorylation, a molecular end point of an endothelial signaling cascade facilitating paracellular TEM. 15, 42 In endothelial cells, Nogo-B is mainly localized in the tubular ER, with a small fraction in the plasma membrane. 8, 9 Therefore, because the ER is a dynamic structure that is able to closely align with microdomains of the plasma membrane, 43, 44 we examined whether the activation of endothelial cells by ICAM-1 cross-linking could affect the distribution of Nogo-B in relationship to endothelial cell junctions. To induce ICAM-1, HDMECs were stimulated with TNF-␣, followed by ICAM-1 cross-linking for different time points. ICAM-1 cross-linking (30 minutes) induced the assembly of F-actin-rich stress fibers across the endothelial cell body (Figure  5Cv) , as reported previously, 45 and induced the redistribution of Nogo-B toward endothelial junctions. This effect was particularly pronounced at the 60-minute time point (as shown by arrowheads in 5Cix). As depicted in Figure 5Di -iii, there were few points of contact between Nogo-B and VE-cadherin ϩ junctions in TNF␣-activated HDMECs; however, on ICAM-1 cross-linking, Nogo-B redistributed to points of colocalization with VE-cadherin at the For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From junctions (Figure 5Dvi ). These data strongly suggest the reorganization of Nogo-B, and likely the tubular ER, during ICAM-1 engagement.
The silencing or loss of Nogo-B impairs ICAM-1 cross-linking-induced VE-cadherin phosphorylation by reducing src and Pyk2 activation
The data shown in Figures 4F-G and 5 prompted us to examine whether Nogo-B influenced the signaling cascade activated in endothelial cells on ICAM-1 cross-linking. ICAM-1 cross-linking induced time-dependent tyrosine phosphorylation of VE-cadherin in control siRNA-treated HDMEC, whereas this effect was significantly reduced in Nogo-B siRNA-treated HDMECs ( Figure 6A  and quantified in B) . Similarly, immunoprecipitation of total phosphotyrosine (with the antibody PY20) after ICAM-1 crosslinking in Nogo-B siRNA-treated HDMECs resulted in reduced VE-cadherin levels ( Figure 6C) .
Activation of c-src and Pyk2 plays an important role in regulating the phosphorylation of cortactin 46 and VE-cadherin, 22 and may contribute to paracellular leukocyte TEM. Therefore, we investigated whether the knock-down of Nogo-B affects src/Pyk2 activation. ICAM-1 cross-linking induced phosphorylation of src (Y419) and Pyk2 (Y402) in control siRNA-treated HDMECs, and this effect was blunted in Nogo-B siRNA-treated HDMECs ( Figure 6D , with quantification of phospho/total underneath the blots). As a downstream readout of src activation, 47 we also examined the phosphorylation of FAK. ICAM-1 cross-linking induced time-dependent phosphorylation of FAK at Y861, and this effect was similarly diminished in absence of Nogo-B ( Figure 6D) . However, the phosphorylation of MAPK 42/44 and MLC on ICAM-1 cross-linking was not affected by a reduction of Nogo-B ( Figure  6D) . Moreover, the loss of Nogo-B did not affect the clustering of ICAM-1 or the formation of stress fibers ( Figure 6E ).
To confirm our data in human endothelial cells, MLECs were isolated from WT and Nogo-A/B Ϫ/Ϫ mice, as described previously. 28 These endothelial cells were then treated with TNF-␣, followed by ICAM-1 cross-linking. The phosphorylation of src, Pyk2, and FAK were reduced after ICAM-1 cross-linking in Nogo-A/B Ϫ/Ϫ compared with WT MLECs, but MAPK42/44 and p38 activation were not affected. Finally, we investigated whether the loss of Nogo-B could affect the localization of src, and consequently its activation. As shown in Figure 7B , src (middle Transfected cells were stimulated with TNF-␣ (10 ng/mL) for 4 or 24 hours, and surface expression of E-selectin or ICAM-1, VCAM, and PECAM-1 expression was analyzed by FACS. TNF-␣-stimulated siRNA Nogo-B or control treated HDMEC monolayers were used in flowchamber experiments, as described in "Methods." The number of rolling neutrophils per square millimeter (C), the average rolling velocity of neutrophils (D), and firmly adherent neutrophils (E) were not different. However, knock-down of Nogo-B in HDMECs reduced the transmigration of (F) neutrophils and (G) monocytes (THP-1) compared with control, siRNA-treated HDMECs. panels, red) was predominately localized in the cytosol under basal conditions (Figure 7Bii,viii) . After ICAM-1 cross-linking, src was recruited into junctions, as evidenced by the partial colocalization of src with VE-cadherin (Figure 7Bvi ,xii and quantified in Figure  7C ). Nogo-B silencing did not affect the distribution of src or VE-cadherin under basal conditions or after ICAM-1 cross-linking (Figure 7Bxii vs 7Biii) using the Pearson correlation ( Figure 7C ) to quantify the extent of src and VE-cadherin colocalization. These data support the concept that Nogo-B regulates ICAM-1-mediated signaling, leading to VE-cadherin phosphorylation and ultimately TEM.
Discussion
Despite the presence of reticulons in a variety of cell types, little is known about their endogenous functions or mechanisms of action. In the present study, we show that endothelial Nogo-B is a novel regulator of the inflammatory response in vivo and controls ICAM-1-dependent leukocyte TEM in vitro. This conclusion is supported by in vivo data in Nogo-deficient mice and in bone marrow-transplantation experiments showing that the loss of Nogo A/B in the host, but not marrow, reduces acute inflammation. Moreover, the absence or presence of Nogo did not influence markers of leukocyte differentiation or the levels of surface adhesion molecules in TNF-␣-stimulated endothelial cells; however, Nogo deficiency reduced neutrophil and monocyte TEM in vitro. A central role of Nogo in regulating ICAM-1-mediated downstream signaling was substantiated by experiments showing that ICAM-1 cross-linking activates a variety of intracellular pathways leading to TEM, and the loss of Nogo-B diminishes VE-cadherin tyrosine phosphorylation through a reduction of src and Pyk2 activation, a pathway critical for leukocyte diapedesis. 15, 22 These results support a role for Nogo-B in regulating the extent of neutrophil and monocyte infiltration in vivo and in vitro.
Nogo isoforms are expressed in a restricted fashion in vivo, with Nogo-A mainly present in the nervous system and Nogo-C expressed at a high level in skeletal muscle. Small amounts of Nogo-B and Nogo-C transcripts are also detected in kidney, cartilage, skin, lung, and spleen 48 and in multiple cell lines in vitro. 1 We originally identified Nogo-B as the dominant Nogo isoform expressed in endothelial cells and vascular smooth muscle cells, 8 and suggested that endogenous Nogo-B regulates vascular remodeling after injury. Our recent work has shown that Nogo-B is also expressed in monocytes/macrophages and can regulate chemokine-mediated monocyte migration and influence the extent of ischemic injury and wound healing. 49 In these models, bone marrow-transplantation experiments demonstrated that Nogo-replete bone marrow partially rescues ischemiainduced arteriogenesis in Nogo-deficient mice. In the present study, we report that the loss of Nogo-A/B in vivo markedly suppresses leukocyte recruitment to sites of acute inflammation, and that this effect is host dependent, as shown by bone marrow-transplantation experiments. Although Nogo-B is highly expressed in neutrophils, it does not exert an obvious role in the neutrophil functions examined, such as differentiation, survival, migration, and homing to sites of inflammation (via bone marrow transplantation experiments). However, we cannot rule out other potential functions of Nogo in neutrophils. Why Nogo regulates monocyte/macrophage chemotaxis, but not neutrophil functions, is not obvious but may relate to the nature and duration of the inflammatory stimulus. In addition, Nogo-deficient bone marrow is not diseasecausing when transferred into WT mice, thus raising the possibility that Nogo exerts independent functions in host cells (ie, vessels, as shown in this study) and bone marrow-derived cells, 49 depending on the nature of the inflammatory response. It is well accepted that the initial infiltration of neutrophils in the first phase of acute inflammation can affect the following wave of innate immune response (Ͼ 24 hours) characterized by the infiltration monocytes/macrophages into inflamed tissues. Therefore, we cannot exclude the possibility that the reduced infiltration of neutrophils in the absence of Nogo-B may affect the second wave of inflammatory cell influx. However, in hydrodynamic parallel-flow-chamber experiments, silencing of Nogo-B in endothelial cells reduced TEM of both neutrophils and monocytes, but did not alter neutrophil rolling or firm adhesion to endothelial cells. These data suggest that the loss of Nogo-B impairs the capacity of activated endothelium to sustain the transit of leukocytes. Junctional adhesion molecules in endothelial cells, such as VE-cadherin, PECAM-1, and JAM-A, 50 all participate in leukocyte diapedesis. In particular, HDMECs were transfected with Nogo-B siRNA or control siRNA were stimulated with TNF-␣ (10 ng/mL) for 24 hours, serum-starved, and incubated with ICAM-1 antibody 15.2 (5 g/mL) for 30 minutes, followed by cross-linking for the indicated times. VE-cadherin immunoprecipitates were then analyzed by immunoblotting against phosphorylated tyrosine (4G10, PY20 clone). (B) The amount of tyrosine-phosphorylated VE-cadherin was quantified by densitometry from 4 independent experiments and is expressed as the fold increase of untreated controls. (C) Whole-cell lysates (WCLs) from HDMECs treated as described were immunoprecipitated for phosphotyrosine using the antibody PY20 or the 4G10 clone, and immunoprecipitates were analyzed by immunoblotting against VE-cadherin. The phosphorylation of VE-cadherin on ICAM-1 cross-linking was reduced in Nogo-B siRNA compared with control siRNA-treated HDMECs. (D) The activation of additional pathways (P-410 Pyk2, Pyk2, P-419-src, src, P-861-FAK, FAK, P-MAPK 42/44 , MAPK, P-MLC, MLC) were examined after ICAM-1cross-linking. Densitometric quantification of phospho/total for each pathway is below. (E) The loss of Nogo-B did not impair ICAM-1 clustering or stress-fiber formation. HDMECs transfected with Nogo-B siRNA or control were stimulated with TNF-␣ (10 ng/mL) for 24 hours, and surface ICAM-1 (green) and F-actin (red) examined after ICAM-1 cross-linking for 1 hour. Bar ϭ 20 m. Images were captured using a Zeiss Axiovert epifluorescence microscope and a 63ϫ oil-immersion objective. XL, cross-linking.
VE-cadherin is necessary for paracellular diapedesis of leukocytes 41 and is regulated by ICAM-1 engagement. Leukocyte adhesion and subsequent ICAM-1 engagement induces the activation of a complex network of signaling pathways that are necessary to prime endothelial cells for leukocyte transmigration by regulating cellular contraction and endothelial barrier properties. 15 ICAM-1 engagement promotes tyrosine phosphorylation of VE-cadherin, an event required for the efficient TEM of lymphocytes 51 and neutrophils. 22 Our data demonstrate that a reduction in Nogo-B in endothelial cells did not affect stress fiber formation or the MLC phosphorylation induced by ICAM-1 cross-linking, but specifically reduced the phosphorylation of VE-cadherin. Previous studies have shown that ICAM-1 engagement enhances src and pyk2 activation, 46, 52 and that inhibition of src decreases VE-cadherin phosphorylation and adhesion molecule clustering at the site of leukocyte contact. 22, 53 In our experiments, the loss of Nogo-B impaired c-src and pyk2 phosphorylation, but not ICAM-1-clustering, stress fiber formation, or the colocalization of src with VE-cadherin, suggesting that Nogo-B influences ICAM-1/src/pyk2 pathways to regulate VE-cadherin phosphorylation and/or dephosphorylation.
Although the precise mechanism of ICAM-1-mediated VEcadherin phosphorylation is not fully understood, ICAM-1 activation of src likely functions upstream of VE-cadherin phosphorylation. 22 Moreover, the role of the ER in regulating ICAM-1 signaling is not known, although the ER is able to establish interactions with the plasma membrane in multiple cell types. 43, 44 Because ICAM-1 cross-linking promotes the redistribution of Nogo-B toward the plasma membrane, and Nogo-B can interact with VE-cadherin, it is feasible that the impaired TEM in Nogo-deficient endothelial cells reflects impaired dynamics of the tubular ER with the plasma membrane, which influences the coupling of ICAM-1 signaling to the adherens junction. Future experiments will explore these interesting possibilities.
In conclusion, the loss of Nogo-B suppresses the acute inflammatory response primarily because of the absence of Nogo-B in the host but not in bone marrow cells. Mechanistically, Nogo-B promotes leukocyte TEM by regulating ICAM-1-mediated src The images in panel B were captured at a 0.3-m slice thickness (z-stack) using a Zeiss Axiovert epifluorescence microscope and a 63ϫ oil-immersion objective, followed by deconvolution using Openlab software. In panel C, the colocalization of src and VE-cadherin was quantified using the Pearson correlation. Data are representative of at least 3 experiments. XL, cross-linking.
BLOOD, 17 FEBRUARY 2011 ⅐ VOLUME 117, NUMBER 7 For personal use only. on October 22, 2017 . by guest www.bloodjournal.org From activation and the extent of VE-cadherin phosphorylation, thus exerting a controlling influence on the molecular network governing leukocyte diapedesis. Further studies are required to elucidate the regulatory role of Nogo-B and the ER during TEM and provide deeper insights into the mechanisms of inflammation in vivo. 
